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Using the ΔcyaA deletion mutant, mutation to Glp + was first measured on minimal M9 + 0.2% 1 6 8 glycerol agar plates as described previously (Zhang and Saier, 2009a) . Briefly, cells from an 1 6 9 overnight LB culture were washed and inoculated onto plates (~10 8 cells/plate). The plates were 1 7 0 then incubated in a 30 ºC incubator and were examined daily for the appearance of Glp + colonies 1 7 1 with each colony representing a Glp + mutation. On these glycerol minimal agar plates, any 1 7 2 colonies appearing by day 2 were considered to be from Glp + cells initially present when applied 1 7 3 to the plates. They were therefore subtracted from the subsequent measurements. The total 1 7 4 numbers of Glpcells were determined as described by Cairns and Foster (Cairns and Foster, 1 7 5 1991). The Glp + mutations were determined by counting the Glp + colonies that appeared on the the Glp + colonies arose from Glp + cells initially plated, the ΔcyaA cells, together with small 1 7 9 numbers of ΔcyaA Glp + cells, were plated onto the same M9 + 0.2% glycerol plates. The plates 1 8 0 were incubated and examined as above. To determine the effect of cAMP on the frequency of IS5 insertion into the glpFK 1 8 2 activating site, strain ΔcyaA_Cat (in which glpF, glpK and cat are fused in a single operon, see 1 8 3 Supplementary Table 1 ) was used. This strain is sensitive to Cm at 8 μ g/ml while the same strain showed that all ΔcyaA_Cat cells resistant to Cm at 16 μ g/ml were due to IS5 insertion in front of ΔcyaA_Cat colony was diluted 1000 x into 5 ml LB ± cAMP (0 to 5 mM) contained in 30 ml 1 8 8 glass tubes (2.5 cm x 20 cm). The tubes were shaken at 250 rpm in a 30 o C water bath shaker. After 15 h, the cells were washed 1x (to remove residual cAMP) with carbon source-free M9 10 salts, serially diluted, and applied onto LB + glucose agar plates and LB + glucose + Cm agar 1 9 1 plates. The plates were incubated at 37 o C for 15 to 18 h. Total populations and Glp + populations 1 9 2 were determined based on numbers of colonies on LB + glucose plates and on LB + glucose + 1 9 3
Cm plates, respectively. The frequencies of Glp + mutation were determined by the ratios of Cm r 1 9 4 populations to total populations. To determine if cAMP affects IS5 insertion into other chromosomal sites, we chose to 1 9 6 analyze mutants resistant to Furazolidone (FZD) using ΔcyaA_Cat cells. First, step I mutants 1 9 7 were isolated by spreading the cells onto nutrient broth (NB) agar plates with a low 1 9 8 concentration (1 μ g/ml) of FZD. The cells of a step I mutant were then applied onto the agar 1 9 9 plates with higher concentrations (5-7.5 μ g/ml) of FZD. The plates were incubated at 30 o C for 2 0 0 36 h or above, and colonies obtained were examined for the presence of IS elements in the nfsB 2 0 1 gene by PCR using oligos nfsB-ver-F and nfsB-ver-R (Supplementary Table 2 ). Among those 2 0 2 mutants carrying IS elements, IS5 insertional mutants were determined by two rounds of PCR, 2 0 3 using oligos IS5-ver-F / nfsB-ver-R and nfsB-ver-F / IS5-ver-F, respectively. The ratio of IS5 2 0 4 mutants was calculated by dividing total IS mutant numbers by IS5 mutant numbers. To establish the effects of mutations in the Crp operators in the glpFK control region on 2 0 6 the appearance of Glp + IS5 insertional mutations, the ΔcyaA O CrpI&II _Cat cells with mutations in 2 0 7 operators, O CrpI and O CrpII , were examined for the appearance of Glp + mutations in LB media 2 0 8 with or without cAMP as described above. To determine the effect of loss of glpR on Glp + 2 0 9 mutation frequency, the ΔcyaA ΔglpR double mutant was examined for Glp + mutations in liquid 2 1 0 LB ± cAMP (0.1 mM) as compared to the single ΔcyaA mutant as described above. 
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To determine the effect of glpR overexpression on the Glp + mutations, the glpR structural 2 1 2 gene was amplified from the wild type genomic DNA using primers glpR-KpnI and glpR-2 1 3 Table 2 ). The PCR products were digested with KpnI and BamHI, gel 2 1 4 purified, and then ligated to the same sites of pZA31 (Lutz and Bujard, 1997) , yielding pZA31-2 1 5 glpR, in which glpR is driven by a synthetic tet promoter (Ptet). The same plasmid carrying a 2 1 6 random fragment (RF), pZA31-RF, served as a control (Levine et al., 2007a) . To repress Ptet 2 1 7 activity, the constitutively expressed tetR cassette, located at the attB site, was transferred to Therefore, the expression of glpR could be induced by a tetracycline analog, chlorotetracycline 2 2 0 (cTc). The resultant strain containing the tetR source and pZA31-glpR was tested for Glp + 2 2 1 mutations in LB ± 0.1mM cAMP as described above. To induce expression of glpR in pZA31-2 2 2 glpR, cTc (250 ng/ml) was added to the medium. To further demonstrate cAMP inhibitory effects on the appearance of IS5 insertional 2 2 4 mutants, and the competitive abilities of the mutants under low cAMP conditions, we performed 2 2 5 a long-term experiment by transferring cultures to new media at various intervals. To do this, an 2 2 6 LB culture (10 μ l) of ΔcyaA_Cat was used to inoculate M9 + glycerol ± cAMP (0 to 1 mM) 2 2 7 media. Before the first transfer, every 12 h or so, the cultures were serially diluted onto LB + 2 2 8 glucose plates for total population determination and onto LB + glucose + Cm plates for Glp + 2 2 9 (IS5 insertion) mutant population determination. After 2 or 2.5 days, the cultures were 1000x 2 3 0 diluted into new tubes with the same media. Then at one-day intervals, the cultures were 1000x 2 3 1 diluted into fresh media. For each transfer, the total cells and the Glp + mutant populations were 2 3 2 determined. showed that E. coli cells are sensitive to this compound at 0.1%. To determine if IS5 insertion 2 3 7 upstream of PglpFK occurred in a wild type background, BW_Cat cells ( Supplementary Table 1 ) plates. The plates were incubated at 30 o C, and the colonies were examined for the presence of 2 4 0 IS5 in the upstream glpFK operon control region by PCR followed by gel electrophoresis. incubated with shaking (250 rpm) in a 30 o C water bath shaker. After 2.5 days of incubation, the 2 4 8 cultures (i.e., mutant cells resistant to 2DG and Cm) were 1000x diluted into new tubes with the 2 4 9 same media. On every other day, the mutants were 1000x diluted into new tubes. For each 2 5 0 transfer, the mutant cultures were serially diluted using carbon source-free M9 salts, and the 10 5 -2 5 1 fold and 10 6 -fold dilutions were applied onto M9 + glycerol + 2DG ± Cm agar plates before 2 5 2 incubation at 37 o C. After 2 days, 100 colonies from each transfer were subjected to PCR and 2 5 3 subsequent gel electrophoresis analyses to determine the percentages of IS5 insertion mutants to 2 5 4 the total mutants. Note that the parental cells do not grow under these conditions. PglpFK_O CrpI&II plus their upstream FRT-flanked km r gene were amplified using oligos 2 5 9
BamHI (Supplementary
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PglpFKz-P1 and PglpFKz-P2 (Supplementary Table 2 ). Using the method of Datsenko and analysis. The resultant strains are deleted for both lacI and lacY, but they carry the lacZ gene that ( Supplementary Table 1 ).
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For β-galactosidase assays, strains were cultured in liquid LB media ± 1 mM cAMP at 30 2 7 0 o C. When cultures entered the exponential phase, samples were collected for measurement of β-2 7 1 galactosidase activities as described by Miller (Miller, 1972) . We previously demonstrated that Δ crp mutant cells of E. coli could regain the ability to 2 7 6 utilize glycerol by IS5-mediated insertional mutations that specifically occurred at a single site, glycerol as the sole carbon source for growth. However, after a prolonged incubation on M9 + 2 8 1 glycerol agar plates, Glp + mutants could be observed (Figure 1 ). These mutants were IS5 delay before mutant colonies appeared, and these clearly arose during incubation on the plates, Exogenous cAMP can enter cells to increase the cytoplasmic concentration of this 2 9 3 nucleotide (Saier et al., 1982) . Figure 2A shows the effect of increasing concentrations of Materials and Methods and Supplementary Table 1 ). At a concentration of 10 µM, exogenous 2 9 6 cAMP had only a slight inhibitory effect on IS5 insertion, but at 100 µM, cAMP inhibited over 2 9 7 90%, whereas at 1 mM, cAMP essentially abolished IS5 insertion (Figure 2A ). To determine whether the decrease in IS5 insertion frequency due to the presence of cAMP was specific to the glpFK promoter, we analyzed IS5 insertion at the nfsB gene in ΔcyaA To determine whether the inhibition of IS5 insertion upstream of the glpFK promoter by can be concluded that inhibition by cAMP-Crp of IS5 insertion into the glpFK activating site is 3 1 5 due to the binding of the cAMP-Crp complex solely to these two operators present in the glpFK 3 1 6 promoter region. To determine if GlpR plays a role in the inhibitory effect of Crp on IS5 insertion, we Table 1 ). Higher IS5 insertional frequencies were observed in the Δ cyaA Δ glpR 3 2 1 cells than in the Δ cyaA cells when grown in LB (no glycerol added) ( Figure 4A ). However, in 3 2 2 the absence of GlpR, cAMP still exerted its inhibiting effect, presumably by binding to Crp, column 4 in Figure 4A ). Comparable inhibition was observed regardless of the presence of 3 2 5 glycerol or GlpR. It was therefore concluded that regulation of IS5 insertion by the cAMP-Crp 3 2 6 complex occurs independently of glycerol and GlpR. When GlpR was over-produced in the absence of cAMP, GlpR still exerted its strong 3 2 8 inhibitory effect ( Figure 4B ). In the left panel, the glpR gene was expressed at an extremely low The IS5 insertion frequency decreased, while overexpression of GlpR further inhibited IS5 17 adenylate cyclase activity (Gabor et al., 2011 , Gershanovich, 2003 , Saier et al., 1996 Vastermark and Saier, 2014). These analogues also strongly inhibit growth on glycerol, at least 3 4 8 in part due to inhibition of both cytoplasmic cAMP production by adenylate cyclase, and of , 2001 , Peterkofsky et al., 2001 , Schlegel et al., 2002 , Saier and Reizer, 1994 . We therefore 3 5 1 asked if we could isolate IS5 insertional mutants in a wild-type background on minimal M9 agar In these experiments, a glpFK-cat (chloramphenicol acetyl transferase) fusion was used 3 5 6 to measure IS5 insertion (see Supplementary Table 1 and Materials and Methods). Regardless of , 1980 , Kornberg et al., 2000 , Rephaeli and Saier, 1980 . As shown in Figure 5 , PCR 3 6 0 analyses of colonies that appeared after a five-day incubation at 30°C revealed two types of Glp + 3 6 1 mutants: (i) a majority that did not have an insertion in the glpFK promoter (dubbed "non-IS5 3 6 2 mutants" here), and (ii) a minority (<10%; "IS5 mutants") that had IS5 inserted into the glpFK 3 6 3 promoter-activating site. Sequencing revealed that the non-IS5 insertion mutants did not have genetic alterations phenotype in addition to their increased growth in a glycerol + 2DG medium, such as poor 3 6 8 utilization of sorbitol (D-glucitol) and succinate (Table 1) To demonstrate that the Glp + phenotype of IS5 mutants results solely from the IS5 these experiments, we used two "wild type" strains, BW25113 and BW_Cat (Supplementary transductants were obtained using the IS5 insertional mutant (expressing the fused glpFK_cat regions of 23 independently isolated transductants were amplified by PCR, and all were found to 3 7 9 carry the IS5 element. DNA sequencing showed that IS5 was located in the same position and in 3 8 0 the same orientation as described previously (Zhang and Saier, 2009a, Zhang and Saier, 2009c) ).
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These results showed that in these mutants, IS5 insertion is necessary and sufficient to give rise 3 8 2 to the 2DG r Glp + phenotype. Initially, we conducted short term evolutionary experiments (several transfers) using the 3 8 6 Δ cyaA strain in the presence of glycerol as sole carbon source ( Figure 6A ), glycerol plus 0.1 mM 3 8 7 cAMP ( Figure 6B) , and glycerol plus 1.0 mM cAMP ( Figure 6C ). In the absence of cAMP, IS5 insertional mutants appeared as the only species after 37 h of incubation with shaking. After Figure 6B ). When exogenous cAMP was added at 1 mM, the appearance of these mutants 3 9 3 was strongly inhibited. As a result, after the 6th transfer, only about 20% of the population were 3 9 4 IS5 insertional mutants ( Figure 6C ). These observations are consistent with the conclusion that 3 9 5 cAMP-Crp complex inhibits IS5 insertion upstream of the glpFK operon. In order to conduct long-term evolutionary experiments in a wild type background, we 3 9 7 used glpFK_cat cells in which a chloramphenicol-resistance gene was transcriptionally fused to 3 9 8 the glpFK operon in wild type cells such that glpFK activation by IS5 insertion led IS5 insertion ( Figure 7A ). When chloramphenicol was absent, it took a little longer; insertional 4 0 7 mutants became appreciable following the eighth transfer, and accounted for over 20% of the 4 0 8 cells after 20 transfers ( Figure 7B) . These experiments show that glpFK activation by IS5 is 4 0 9 advantageous when wild type cells are exposed to glycerol in the presence of a sugar analogue 4 1 0 inhibitor of adenylate cyclase such as 2-deoxyglucose (Novotny et al., 1985) . Thus, the process 4 1 1 we had previously described in Transposons (transposable elements; jumping genes) were first described by Barbara where they cause mutations that can inactivate genes, activate genes, and mediate chromosomal , 2015) recently showed that Tf1 is directed to these insertion sites by specific DNA binding 4 3 1 proteins such as Sap1, a situation that parallels in some respects the observations reported here. Adaptive mutation, the genome-wide acceleration of mutation rate under stress Over the last several decades, a number of mechanisms that accelerate mutagenesis under 4 4 1 stressful conditions have been described. Among these have been those that activate cyptic understood (Zhang and Saier, 2009b, Zhang and Saier, 2009d) . In this paper we advance the Crp-cAMP-Crp complex). We show that IS5 insertion into the glpFK promoter can be regulated 4 5 1 by exposure to environmental toxic sugar analogues, and propose that such exposure may 4 5 2 constitute a selective environment that favored the evolution of a gene activation mechanism that 4 5 3 requires a specific transposition event. In our experiments with wild type E. coli cells, we used 2-deoxyglucose (2DG) as cAMP levels and to inhibit glycerol utilization (Saier, 1998 , Saier, 1989 , Saier, 2001 , Saier et al., 4 5 7 1995 . But are comparable non-metabolizable glucose analogues found in Nature? In fact, (He and Liu , 2002 , Holst and Williamson, 2004 , Kumar et al., 2013 , Moller, 4 6 2 2010 , Tantanarat et al., 2012 , Saier and Ballou, 1968 , Xi et al., 2014 . Thus, the conditions that We have shown that the IS5-mediated glpFK-activating insertional site is a conditional 4 7 2 transposition hotspot. It is an insertional hotspot in low cyclic AMP and high glycerol, but which such a mutational mechanism could have evolved in a wild type genetic background. Thus, our results demonstrate that the activated cAMP-Crp complex strongly inhibits IS5 hoping promoter region. Our results also showed definitively that in the lab, one can isolate these Mol Microbiol Biotechnol, 3, 347-54. 
Short-term and long-term evolution experiments to evaluate if IS5-mediated activation
